ABSTRACT We evaluated the utility of the commercial version of a new sperm-egg binding assay for detection of differences in sperm quality in samples of turkey semen from individual toms. Each sample had a swirl of 2 or more on a scale of 0 to 4. For assays conducted with fresh semen at 4 × 10 6 sperm per well, values ranged from 0.11 to 12% sperm bound to an extract of perivitelline membrane. Within-male variation averaged 0.17 percentage units, based on three ejaculates per male evaluated. Two experiments compared fertility and hatch for hens after weekly insemination with pooled semen from subpopulations of toms classified as having sperm with LOW or HIGH binding. Average fertility and hatch were lower (P < 0.05) for eggs laid by hens inseminated with semen from LOW toms in one experiment. In another experiment, hen fertility was not different between treatments after insemination during Weeks 32 to 39; however, a sharp decline in hatch was observed only for hens inseminated with semen from LOW toms after 40 wk of age. With semen from HIGH toms, hatch remained at ≥80%. For these experiments, ∼7% more poults were obtained from hens inseminated with semen from HIGH toms. We demonstrated that the sperm-egg binding assay detects differences in sperm quality between individuals, and these differences influence fertility.
INTRODUCTION
Almost 99% of the 300 million turkeys produced in 1998 resulted from artificial insemination (AI). To maximize hatch of total eggs set after AI and efficient use of sires, semen of the highest quality is essential (Hammerstedt, 1996) . Unfortunately, genetic selection for growth and carcass traits reduces reproductive performance (Johnson and Eisen, 1975; Siegel and Dunnington, 1987; Falconer, 1989) and not enough emphasis has been placed on selection of toms on the basis of semen characteristics (Donoghue, 1997) . Several tests to evaluate semen quality have been described (Wishart, 1982; Sexton, 1983; Bilgili and Renden, 1984; Wishart and Palmer, 1986; Chaudhuri and Wishart, 1988; Bayyari et al., 1990; Bakst et al., 1991; Donoghue et al., 1995; Froman and McLean, 1996; McDaniel et al., 1998) , but they rarely are applied in commercial settings. Rather, the industry has relied on evaluation of semen color, concentration, and volume (Donoghue, 1997) , which give estimates of sperm quantity, but no information on quality of the sperm available. At best, this approach only allows culling of toms producing yellow semen or semen containing relatively few sperm.
Evaluations of sperm quality, especially objective tests, apparently have not been adopted as routine because management has considered them not cost effective or has perceived them to be ineffective in identifying males likely to be subfertile. Recent studies found correlations between measure of sperm motion and fertility (Froman and McLean, 1996; Donoghue et al., 1998; and McDaniel et al., 1998) . However, many attributes in addition to motion are essential for an individual spermatozoon to have full fertilizing potential, and only semen containing a high percentage of sperm with all essential attributes functional will be of high fertility (Amann and Hammerstedt, 1993; Hammerstedt, 1996) ; sperm motion and morphology are important, but they are not enough. Generally, toms produce semen containing high percentages of motile and morphologically normal sperm at the light microscopic level.
A motile spermatozoon must bind to the perivitelline membrane of the oocyte to participate in fertilization. Wishart (1987 Wishart ( , 1995 , Wishart et al. (1992) , and Staines et al. (1998) found high correlations between number of sperm trapped in the outer perivitelline membrane of the first egg following an insemination and fertility status of subsequent eggs. Bakst and Howarth (1977) reported a technique to evaluate the number of holes made in vitro by sperm in the perivitelline membrane. This technique evaluates both binding of sperm and subsequent release of acrosome enzymes.
To be of utility at the commercial level, an assay should be easy to use and have a high probability of identifying the subfertile males to be culled and, thereby, raise flock fertility. In screening pedigree males, an assay correctly predicting which males will be most fertile also has utility. Further, the assay should be one that: 1) evaluates several independent traits of individual sperm (Amann and Hammerstedt, 1993; Hammerstedt, 1996) ; and 2) provides information shortly after toms reach sexual maturity that be correct both then and as the male ages. Barbato et al. (1998) described an assay, based on binding of rooster or turkey sperm to an egg-membrane substrate, simulating the in vivo situation, and using an extract of perivitelline membrane deposited within wells of a standard microwell assay plate. This assay involves the ability of sperm to bind to an extract of perivitelline membrane. They concluded that their sperm binding assay might be useful with turkeys and that subfertile males can be identified. This information could be used to cull potentially subfertile toms at the multiplier level. The studies reported herein tested the hypothesis implicit in Barbato's conclusion, that males classified as LOW on the basis of the sperm binding assay indeed have relatively low fertility. Data presented support the hypothesis.
MATERIALS AND METHODS

General Procedures
Turkeys: Housing and Management. For Experiments 1 to 4, male turkeys, 26 wk of age, from two lines, were studied successively. Line 1 was Nicholas Line 90, 2 and Line 2 was BUTA 3 Big 6 ML. Toms were housed within two pens, each 7.9 × 5.8 m, in poultry facilities of The Pennsylvania State University. Within the rooms, the temperature was 20 to 22 C, illumination was 0.5 ft candles (5.4 lx), feed was provided at 80% of ad libitum, and water was available continuously.
For Experiments 5 and 6, BUTA Big 6 ML toms and BUTA Big 6 FLX turkey hens were housed at USDA poultry facilities in Beltsville, MD in successive years. Toms were 32 wk old at the start of studies and were housed in pens 2.7 × 4.2 m. Hens were housed in individual cages 0.4 × 0.6 × 0.7 m. Within the pens, temperature was ambient, illumination was 4.5 ft candles (50 lx), and feed and water were provided for ad libitum consumption. All federal guidelines for animal welfare were followed.
Semen Collection Extension and Storage. Each tom was trained for semen collection by the abdominal massage method (Burrows and Quinn, 1935) , and toms producing watery, yellow, or no semen were excluded. Semen was collected once per week into 2-mL autoanalyzer cups, which immediately were placed on ice within a Styrofoam box. Approximately 15 min after collection of the first ejaculate, all semen was in the laboratory and had been evaluated for color and volume. Depending on dictates of the study, semen was either pooled or kept as individual ejaculates, and was evaluated for concentration (total sperm per milliliter; using a Densimiter ® , 4 Donoghue et al., 1996) , and percentage motile sperm, and scored for swirl on a subjective score of 0 to 4 (Cherms, 1968) . Semen was extended with Beltsville Poultry Semen Extender (BPSE; Sexton, 1976) to 200 × 10 6 sperm per milliliter and this stock suspension was used to prepare working suspensions immediately or after holding 24 h at 4 C. After 24 h, all semen was combined, if appropriate, to provide a single pool. At 0 or 24 h, the stock suspension of sperm in BPSE was diluted to provide the required volume of each working suspension, namely 10, 20, 40, 60, and 80 × 10 6 sperm per milliliter. All suspensions were held on ice until used to assay for sperm binding.
DudFinder ™ Sperm-Binding Assay. The SpermBinding Assay 5 (SBA) is a microwell assay similar to that developed by Barbato et al. (1998) , and described in detail as their Assay 3. The assay is based on a putative spermbinding protein in the perivitelline membrane of chicken eggs. The SBA differs from Assay 3 of Barbato et al. (1998) in the proprietary method used to manufacture assay plates. By overview, an extract of sperm-binding protein from hen's egg membranes was conjugated with a fluorescent 6 dye before drying into the assay wells. Sperm suspensions, or sperm-free semen extender as background control, were placed per well into a series of wells (100 mL per well) and incubated 60 min, unbound sperm were washed away, and DNA of bound sperm was stained with a fluorochrome. 7 The emission from each fluorochrome was quantified, and amount of DNA was expressed per 50 mg of protein extract.
Use of the SBA plates was as detailed for Assay 3 by Barbato et al. (1998) except that the bottom row was covered with tape to provide unwashed wells; and big mouth 8 micropipette tips were used to wash assay wells, twice with 100 mL BPSE per well before, and three times after incubating with sperm. suspension was added, a microwell plate, with lid in place, was placed into an aluminum plate holder with 96 holes for accepting the microwells on a warming table operating at 37 or 32 C. An aliquot of the residual sperm suspension was evaluated for percentage motile sperm at the start of the SBA incubation, similarly incubated, and again evaluated after the SBA incubation.
DNA standards 9 ranging from 10 to 150 ng per well, were placed in duplicate wells in the bottom row of each microwell plate before staining and reading on a fluorometer. After early studies, the slope for the regression plot of the relative fluorescent units and mass of DNA for standards for each plate in a study were averaged, and the ratio of the observed slope for each plate divided by the average was used as a normalizing factor. The slope for a plate was adjusted by its normalization factor and this adjusted slope was used, in Experiments 3 to 6, to calculate the number of sperm bound per well, assuming 3.0 pg DNA per turkey spermatozoon. Based on number of sperm placed into each well, the percentage of sperm bound was calculated and averaged across wells. Any deviation from this procedure is detailed under a given experiment.
Identification of Potentially Subfertile Toms. We adopted a classic approach of probability theory from general clinical testing (Sandifer et al., 1968) , most simply put as the rule of "x out of n" responses. In application with the SBA to evaluate a population of males, "s" seminal samples from a given male were evaluated contemporaneously with samples from other males in a series of "r" replicate assays, and the rank of each male in each of the "r" assays was determined. Further, males in the bottom quartile in any given replicate were considered as inferior to those in the upper three quartiles. We identified males falling in the bottom quartile in ≥ 2 out of 3, or ≥ 4 out of 6, replicate rankings. These males were those considered as potentially subfertile and designated "LOW" on the basis of the SBA. Similarly, males in the top quartile in ≥ 2 out of 3 replicate rankings were termed "HIGH", and potentially have higher fertility than most other males in the cohort.
Test of Correctness of Classification. To determine whether sperm from toms classified as LOW indeed had lower fertility potential, than the sperm from males classified as HIGH, two fertility trials were conducted in USDA facilities at Beltsville, MD. Flocks of toms were screened with SBA and randomly selected males from the HIGH and LOW groups were used to provide pooled semen for AI.
Experiments
Experiment 1. The objectives were 1) to estimate precision of sperm binding across SBA plates; 2) sperm quality after 0 vs 24 h holding at 4 C; and 3) sperm number per well in the SBA plate (1, 2, 4, 6 or 8 × 10 6 sperm per well). Duplicate evaluations were made within each SBA plate. The semen from groups of six different toms (n = 42) from Line 1 was pooled and seven pools were used as "replicates". Each pool of semen was extended in BPSE, and subaliquots were used for evaluations after 0 or 24 h. Semen to be held 24 h was placed into 25-mL, glass, Erlenmeyer flasks. The flasks were placed on a rotary shaker set at 150 rpm, and kept in a refrigerator at 4 C. For each subaliquot, working suspensions were prepared and each was dispensed into seven wells in columns on both the left and right halves (e.g., Columns 1 and 7, 2 and 8, etc.) of SBA plates. The SBA plates were incubated 60 min at 37 C.
Experiment 2. The objectives were to: 1) compare data obtained using two sperm numbers, 2 and 4 × 10 6 sperm per well, selected on results of Experiment 1; 2) compare semen held 0 or 24 h at 4 C prior to SBA and, most importantly, 3) classify individual toms (n = 41) in Line 1, relative to their cohorts, on the basis of three ejaculates per tom. Day of semen collection was considered as a cohort replicate when classifying males. Semen collected from each of six toms was evaluated concurrently. Each sample was diluted with an equal volume of BPSE at 4 C and was split to provide aliquots for evaluations at 0 or 24 h. The semen was held as in Experiment 1. When evaluated, each aliquot was diluted to provide working suspensions of 2 and 4 × 10 6 sperm per 100 mL. Samples were dispensed successively into five wells per sperm number per well, starting with Columns 1 and 2 for Male 1, through Columns 11 and 12 for Male 6. The SBA plates were incubated 60 min at 37 C.
Experiment 3. This experiment used Line 2 toms, in a study similar to Experiment 1, but was expanded to better estimate precision. The design allowed comparisons of 1) holding time at 4 C (0 vs 24 h); 2) sperm number per well (1, 2, 4, 6, 8 and 10 × 10 6 ); 3) plate half (left vs right); and 4) triplicate plates within holding time by replicate pool of semen. Replicate pools of semen (n = 4) were obtained from available toms. A pool of semen was extended in BPSE to 1 × 10 9 sperm per milliliter, and aliquots were set aside for evaluations at 0 or 24 h. The semen to be held 24 h was placed into 10 cm, plastic culture dishes. The culture dishes were placed on a rotary shaker set at 150 rpm, and kept in a refrigerator at 4 C. At evaluation, a stock sperm suspension was prepared at 200 × 10 6 sperm per milliliter, and used to prepare working suspensions of 1, 2, 4, 6, 8, and 10 × 10 6 sperm per 100 mL BPSE. Each working suspension was dispensed into seven wells in each half of a plate, as in Experiment 1. The other two SBA plates were sequentially prepared using the same suspensions, remixed before starting a different plate. The SBA plates were incubated 60 min at 32 C. Experiment 4. With Line 2 toms in a study similar to Experiment 2, the objectives were to: 1) classify individual toms (n = 28), relative to their cohorts, on the basis of three ejaculates per tom; and 2) compare data obtained using two sperm numbers per well (1) 1 and 4 × 10 6 sperm selected on the basis of Experiment 3. The experiment was conducted as detailed for Experiment 2, except that working suspensions were at 1 and 4 × 10 6 sperm per 100 mL and duplicate plates were used. Further, the SBA plates were incubated 60 min at 32 C.
Experiment 5. The objective was to classify ≤ 15 toms as LOW and ≤ 15 toms as HIGH within a flock of 63 toms at USDA facilities to allow subsequent evaluation of fertility of toms in each of these two classification groups. Sperm in each of three ejaculates per tom, collected weekly, were evaluated via SBA, using 3 and 6 × 10 6 sperm per well. The protocol was similar to that of Experiment 3, except that only fresh semen (0 h holding) was used, working suspensions were at 3 and 6 × 10 6 sperm per 100 mL, incubation temperature was 37 C, and duplicate plates were not used.
Based on SBA data, eight toms were classified as LOW and eight as HIGH. Semen was collected weekly from all 16 toms, pooled as LOW or HIGH, extended 1:1 with BPSE, and split to provide aliquots for immediate AI (Fresh) or held 24 h at 4 C before AI (Held). For each of the four treatment groups, hens (eight per group; 34 wk old at start) were inseminated 12 wk after photostimulation, with 75 × 10 6 viable sperm based on dye exclusion (Bilgili and Renden, 1984) in 15 to 20 mL. Weekly AI continued for 8 wk. Fertility and hatch of the eggs were determined.
Experiment 6. The objective was to classify a subpopulation of toms as LOW and another as HIGH, within a population of 94 toms, to allow subsequent evaluation of fertility of toms in each of these two classification groups. The study was similar to that of Experiment 5, except that only one sperm number per well (8 × 10 6 sperm per well) was used for SBA.
Eight toms were classified as LOW and eight were classified as HIGH, on the basis of the SBA. In this study, hens (12 per group) were inseminated with pooled semen on Days -7, -1, and 0 relative to onset of lay (Day 0), and every 7 d thereafter for 13 wk. The AI dose was 75 × 10 6 viable sperm. Eggs were collected daily and held at 15 C for 0 to 7 d and then placed into an incubator. "Fertility" (percentage of eggs set having a living embryo) was evaluated by candling on Day 14. Eggs were further incubated, and "hatch" (percentage of eggs set yielding a poult) was determined on Day 28.
Statistical Analysis
For binding studies, analyses used the logit [ln (P/(1 -P)] of the proportion (P) of sperm bound to normalize the data in a given microwell. Proportion bound ranged from 0.00 to 0.46, although any value of <0.001 (approximate limit of detection) was set to 5 × 10 -6 . Data were analyzed using the General Linear Models procedure (SAS Institute, 1989) or using the balanced design ANOVA in Minitab (1998) . In general, the model was:
LOGIT(proportion bound) jklmr = m + NUM j + TI-ME k + NUM·TIME ixk + REPL l + NUM·REPL jxl + POOL m + NUM·POOL jxm + error r(jxkxlxm)
In this model, m was the overall average response; NUM j was the fixed effect of each sperm number in a well (j = 1,2,4,6,8); TIME k was the fixed effect of each holding time (k = 0, 24 h); NUM·TIME ixk was the fixed effect of the interaction between sperm number in a well and time; REPL l was the random effect of the replicate pool of semen evaluated (l = 1, 2, 3); NUM·REPL jxl was the random effect of the interaction between sperm number in a well and replicate pool of semen; POOL m was the random effect of the pool of semen obtained from group of toms; and NUM·POOL jxm was the random effect of interaction between number of sperm per well and the group of toms from which semen was obtained.
To facilitate comparisons among groups (e.g., males classified as LOW vs HIGH), because the range in percentage sperm bound differed substantially among replicates, for each replicate data for individual males were expressed as "relative binding". Relative binding was calculated as: {1 -[(value i)/(mean for all males in that replicate·sperm number combination)]}.
To calculate resource allocation for optimum precision with this assay, variance components of the random model terms were estimated using the procedure VAR-COMP (SAS Institute, 1989) , and these estimates were used to obtain 95% confidence intervals. For fertility trials, data on percentage fertilized eggs and percentage hatch were analyzed for differences associated group (LOW vs HIGH) and holding interval of semen (0 vs 24 h holding) using eggs laid by each group as repeated measures General Linear Models analysis (SAS Institute, 1989 ).
RESULTS
Experiment 1
There was significant (P < 0.05) semen pool by sperm per well interaction at both 0 and 24 h (Figure 1) . Especially with fresh sperm, there was substantial variability in response at 1 × 10 6 sperm per well and for all doses the percentage sperm bound was lower for Pools 2 and 5; no male was in more than one pool. The pool by holding time interaction was significant (P < 0.05; compare left and right panels of Figure 1 ). For two of the seven pools, percentage sperm bound was lower (P < 0.05) at 24 than at 0 h. Differences associated with pool of semen were not significant when the pool by holding time interaction was used as the error term.
The sperm per well by holding time interaction ( Figure  2) was not significant. The overall effect of sperm per well on percentage sperm bound was significant (P < 0.05); however, in the field, SBA normally would use fresh semen to screen potential sires. Based on data for only fresh semen, the average, percentage sperm bound was greater (P < 0.05) at 2 or 4 × 10 6 sperm per well than at the other three concentrations (Figure 2 ). The average percentage sperm bound was similar for Fresh and Held sperm (P > 0.05).
Three of the 14 SBA plates had significant (P < 0.05) intraplate variation (left vs right half; averaged across all wells). For only 4 of 70 working suspensions (5 per halfplate; 14 plates) was the absolute difference between duplicate values > 20% of the mean. Of the total variation in this experiment, 18% was associated with plate half (pool by holding time).
Experiment 2
Effects of holding time and sperm number by holding time interaction were not significant, nor were most interactions involving toms. There was no significant difference due to sperm number per well, ejaculate, or holding time; however, the interaction tom by holding time was significant (P < 0.05). Because percentage sperm bound was substantially lower for some toms after holding semen 24 h at 4 C, classifications of toms were based only on data for semen evaluated at 0 h. Considering three ejaculates for each of the 39 toms (n = 117) from Line 1 toms, at 0 h holding, values ranged from 0.1 to 11.6% sperm bound at 2 × 10 6 sperm per well and 0.4 to 11.9% at 4 × 10 6 sperm per well. Averaged across 2 and 4 × 10 6 sperm per well the range for 117 ejaculates was 0.94 to 5.38% sperm bound (Figure 3) .
With a population of 41 males, the bottom and top quartile each was considered to include 10 toms. At either number of sperm per well, mean relative binding for sperm from toms in the bottom and top quartile differed (P < 0.01; t test). At 2 × 10 6 sperm per well, relative binding, with population average equal to zero, averaged -0.63 and +0.96 for semen from toms in the bottom and top quartiles. At 4 × 10 6 sperm per well, respective means for relative binding were -0.55 and +0.82.
To classify individual toms as LOW or HIGH we applied the rule of "x out of n" responses in the bottom or top quartile. Data for percentage sperm bound at 2 or 4 × 10 6 sperm per well in each of the three replicate evaluations were considered as independent estimates (n FIGURE 3. Range in mean percentage sperm bound for 41 toms evaluated using Fresh semen in Experiment 2. Averages (± SEM; n = 6) for 2 and 4 × 10 6 sperm per well. FIGURE 4. Effects of number of sperm per well (1, 2, 4, 6, 8, × 10 6 ) and holding interval (0 vs 24 h) at 4 C before SBA on mean percent sperm bound in Experiment 3 (± SEM; n = 24). = 6). When "x" was set at 3, seven toms were classified as LOW and eight other toms were classified as HIGH (Table  1) . The other 26 toms had ≤ 3 responses in either the bottom or top quartile, with most responses (113 of 123) in the two central quartiles. These 26 toms were considered intermediate.
Experiment 3
With Line 2, the sperm number per well by holding time interaction was significant (P < 0.05). For both Fresh and Held samples, percentage sperm bound (Figure 4 ) was an inverse function of number of sperm per well. Holding semen for 24 h tended to reduce mean percentage sperm bound (2.88 ± 0.06) compared to fresh semen( 5.24 ± 0.15%); P < 0.01). The number of sperm per well by pool of semen interaction was significant (P < 0.05). When this interaction mean square was used as the error term, the F ratio for number of number of sperm per well remained significant (P < 0.05) and percentage sperm bound tended to be higher (P < 0.10) for samples at 1, 2, or 4 × 10 6 than 6 or 8 × 10 6 sperm per well. The seminal pool by holding time interaction also was significant (P < 0.05). Effect of pool of semen was not significant.
Less than 15% of the total variation was associated with plate (within seminal pool by holding time) or plate half (within plate), although both factors were significant (P < 0.05). For only 2 of the 480 plate-half comparisons of within sperm number per well, holding time and semen pool, was there a difference (P < 0.05) in percentage sperm FIGURE 5. Range in mean percentage sperm bound for 28 toms evaluated using fresh semen in Experiment 4. Averages (± SEM; n = 6) for 4 and 6 × 10 6 sperm per well.
bound, although the 480 means ranged from 0.4 to 39% sperm bound.
Experiment 4
Effect of tom was significant (P < 0.01; Figure 5 ). Considering all 84 ejaculates from Line 2 toms, at 0 h the percentage sperm bound ranged from 0.1 to 10.6% at 1 × 10 6 sperm per well and 0.1 to 7.7% at 4 × 10 6 sperm per well. Averages (n = 84) were 1.93 ± 0.01% and 2.34 ± 0.01% sperm bound at 1 or 4 × 10 6 sperm per well. The interactions tom by ejaculate, tom by sperm per well, and tom by ejaculate by sperm per well were significant (P < 0.05). All other factors were not significant. Importantly, the difference between duplicate plates (plate within tom by ejaculate) was not significant.
With a population of 28 males, the bottom and top quartile each was 7 toms. At 1 × 10 6 sperm per well, relative binding for toms in the bottom quartile averaged -0.69, whereas for toms in the top quartile it averaged +1.02. At 4 ×10 6 sperm per well, averages were -0.66 and +0.79, respectively. At either concentration, the mean relative binding for the toms in the top and bottom quartile differed (P < 0.01). Data for three different ejaculates each tested at two different sperm numbers (1 and 4 × 10 6 sperm per well) on two different SBA plates were available, so the maximum frequency of a tom falling into any category was 12. When "x" was set at 6, five toms were classified as LOW and five other toms were classified as HIGH. The other 18 toms had ≤ 5 responses in either the bottom or top quartile, with most responses (168 of 216) in the two central quartiles. Correctness of classifications of these toms as LOW or HIGH was not confirmed with a fertility trial.
Experiment 5
Differences in percentage sperm bound among toms were highly significant (P < 0.01). Considering all ejaculates, percentage sperm bound ranged from 0.1 to 45.8% at 3 × 10 6 sperm per well and 0.1 to 10.9% at 6 × 10 6 sperm per well. Averages (n = 189) were 4.23 ± 0.37% and 1.96 ± 0.11% at 3 or 6 × 10 6 sperm per well, respectively. The interaction of tom by replicate ejaculate was highly significant (P < 0.01), but that of tom by sperm per well was not. No other factors were significant.
With a population of 63 males, the bottom and top quartiles each were considered to include 15 toms. At 3 × 10 6 sperm per well, relative binding for toms in the bottom quartile averaged -2.42 vs +4.64 for toms in the top quartile. At 6 × 10 6 sperm per well, averages were -1.06 and +1.72, respectively. At either concentration, mean relative binding for the toms in the top and bottom quartile differed (P < 0.01).
Based on the frequency of a tom falling in the top or bottom quartile in ≥ 3 of 6 rankings, eight LOW and eight HIGH toms were identified. Pooled Fresh and 24-h Held semen from these toms was used for fertility tests.
Fertility and hatch differed significantly (P < 0.05; Figure 6 ) between HIGH and LOW toms for each of the four semen by holding groups. Considering effect of classification in a simulated commercial situation using fresh semen, fertility of eggs from the hens inseminated with sperm from LOW males was 6.3 percentage units lower (P < 0.05) than that for eggs from hens inseminated with sperm from HIGH toms. Most importantly, hatch differed by 5.2 percentage units (P < 0.05). Holding semen for 24 h decreased (P < 0.05) both fertility and hatch (Figure 6 ). For fresh and held semen, there was no FIGURE 7. Time trends in percentage of eggs producing a live poult (hatch) laid by hens (12/group) inseminated with fresh pooled semen from toms classified as LOW or HIGH in Experiment 6. Also shown is the cumulative difference in number of poults produced, normalized to 100 eggs laid weekly by each group. Weekly means where there were differences (P < 0.05) between LOW and HIGH are designated by o.
difference in "hatch of fertile eggs set" between LOW and HIGH toms. For each of the four semen by holding groups of hens, both fertility and hatch differed (P < 0.05; Figure  6 ) between HIGH and LOW toms.
Experiment 6
Nine males were excluded because they did not produce three semen samples. For the 255 individual ejaculate evaluations, each on two plates, values ranged from 0.0 to 2.8%, and averaged 0.28 ± 0.001%. The interaction of tom by ejaculate was significant (P < 0.01); however, effects of tom by plate or plate (A vs B) were not significant. Averaged across three ejaculates, percentage sperm bound differed significantly (P < 0.05) among the 85 toms. Percentage sperm bound in Replicate 3 was lower (P < 0.01) than in Replicates 1 or 2.
With a population of 85 males, the bottom and top quartile each contained 21 toms. For toms in the bottom or top quartiles, relative binding averaged -0.22 vs +0.43 (P < 0.01). Based on the frequency of a tom falling in the bottom or top quartile in two of three rankings, eight LOW and eight HIGH toms were identified. Pooled Fresh and Held semen from these toms was used to test for fertility differences among these four groups.
Averaged across HIGH and LOW toms within Fresh and Held semen, fertility and hatch of eggs laid by hens inseminated with 24-h semen (50.6 and 41.6%) were lower (P < 0.01) than the values for hens inseminated with fresh semen (91.3 and 81.9%) . Mean values for semen from HIGH and LOW toms were not different. However, over the 13 wk of this study, hatch of eggs laid by hens inseminated with sperm from HIGH males did not decline in a typical manner, starting at 40 wk of age (Anonymous, 1986) , whereas hatch of eggs for hens inseminated with sperm from LOW toms declined after Week 40 (Figure 7 ). For Weeks 41 to 45 this difference averaged 26 percentage units (P < 0.05). Hence, as birds aged beyond 40 wk, neither fertility nor hatch for hens inseminated with sperm from HIGH toms declined. This result is very important from the commercial standpoint.
The actual difference in number of poults produced over time by hens inseminated with semen from HIGH over those with LOW toms was 12 percentage points ( Figure 7 ). The cumulative difference was 117 poults, assuming 100 eggs set each week from each group.
DISCUSSION
Studies reported herein demonstrate that the DudFinder ™ SBA can detect differences in sperm from individual semen samples that were similar in terms of subjective evaluation of percentage motile sperm and swirl. Indeed, any ejaculate that was watery, off-color, or had either a low percentage of motile sperm or low swirl was excluded from the study. These data show that motile turkey sperm differ in an attribute previously not measured in vitro, sperm-binding to an extracted egg protein. Importantly, sperm from males classified as LOW or HIGH on the basis of percentage sperm bound in the SBA gave different fertility and hatch, after insemination into turkey hens. Hence, for turkeys ( Figures 6 to 7) , as with roosters (Hammerstedt, 1996; Barbato et al., 1998) , the attributes of sperm quantified via the SBA was associated with fertilizing potential of sperm. Because pooled semen from LOW toms had relatively poor fertility, the hypothesis posed was correct within the limits of the fertility tests.
Considering evaluations at 4 × 10 6 sperm per well for both Line 1 and Line 2 males (n = 62), for fresh sperm, average values for three ejaculates per male ranged from 0.1 to 12.0% sperm bound; a >100-fold range. The SBA likely involves multiple and divergent attributes important in the fertilization processes; at a minimum sperm motion and ability to bind to an extract of perivitelline membrane (Hammerstedt, 1996; Barbato et al., 1998) . It is not known whether individuals classified as having phenotypic superiority in "sperm mobility" (swimming power; Froman and McLean, 1996) would represent a homogeneous population in terms of ability to bind to the perivitelline membrane. However, we speculate that sperm mobility or Sperm Motility Index (SMI; Mc Daniel et al., 1998) and sperm binding are relatively independent attributes. Some males whose sperm are superior in a sperm mobility or SMI assay are likely to be inferior in terms of percentage sperm bound in the SBA. Direct evaluation of this hypothesis might be appropriate. Although the SBA apparently evaluates a combination of sperm motion and binding to the perivitelline membrane, the assay does not evaluate the next steps in fertilization, namely the acrosome reaction and sperm penetration through the perivitelline membrane. The in vitro sperm hole assay (Bramwell and Howarth, 1992 ) might evaluate all three elements.
In planning these studies, we hypothesized that percentage sperm bound would be lower for semen extended and held 24 h than for semen evaluated immediately, because of reduced fertility with semen held for 24 h (Clark et al., 1982; Sexton, 1987 Sexton, , 1988 . This hypothesis proved to be correct, and probably is due partly to inability of many held sperm to remain motile during the 60-min incubation required for the SBA (Figures 1, 2, and 4) . Mean percentage motile sperm for fresh sperm before and after 60-min incubation for SBA averaged 68 and 58% but was only 55 and 20% for semen held 24 h at 4 C.
Number of sperm per well could affect results in the SBA. Data summarized in Figures 2 and 4 show that percentage sperm bound is not independent of number of sperm placed in microwells of an SBA plate. Generally, the percentage sperm bound decreased progressively with increasing number of sperm per well. There should be a fixed number of sites available in a microwell to which sperm could bind. Increasing the number of sperm per well reduces the probability that an individual spermatozoon will bind, because of increased competition, irrespective of the binding potential of the cell.
Data in Figure 4 are typical of many diagnostic assays. If data for 1 × 10 6 sperm per well were excluded, and the data were plotted as number of sperm bound per well the line would approximate the ascending slope of an asymptotic curve. Hence, the number of sperm per well must be controlled when evaluating cohorts of males. Extension of semen using a constant dilution rate is inappropriate because differences in percentage sperm bound (a quality trait of sperm from an individual male) would be confounded by sample to sample differences in number of sperm per milliliter. Required determination of sperm concentration and calculation of the volume of neat semen to be added to a fixed volume of extender for use in a SBA can be automated via a Densimeter and available software.
For assays conducted at a given number of sperm per well, for example at 4 × 10 6 (ranging up to 12% bound), the within male variation in percentage sperm bound averaged 0.17 percentage units based on three ejaculates per male evaluated at 0 h (data for six wells per assay). This precision is sufficient for field use.
A practical question is how many wells per sample are sufficient for valid data? Based on analysis of the variance components, predictions of the power of using different approaches to replication were estimated. The predictions considered replicate seminal samples, replicate SBA plates, and within-plate replication in terms of number of wells utilized or if more than one data set per SBA plate was appropriate. The analyses showed that using 4 × 10 6 sperm per well, the best practical allocation of resources would be to assay three ejaculates per male using four to six wells per semen sample on one SBA plate or three wells per sample on each of two SBA plates. Evaluation of four ejaculates per tom would improve precision by only ∼ 15%. We are not aware of similar detailed analysis of sources of variation impacting on other sperm assays.
Utility of the SBA in classifying toms was demonstrated in Experiments 5 and 6. As might be appropriate for a commercial operation, a cohort of toms was evaluated via SBA and a subpopulation of 9 to 12% of the toms was classified as LOW because few sperm in most samples from these males bound to the substrate. A parallel cohort was classified as HIGH, as most sperm bound. In a commercial situation, all LOW toms (possibly 10 to 20% of population) should be culled and all other males retained for use. Because of limited numbers of hens, however, we chose to compare LOW vs HIGH groups rather than LOW vs non-LOW and used 75 × 10 6 rather than 200 × 10 6 sperm per AI. This comparison enhanced the probability of detecting a difference in fertilizing potential of sperm collected from two groups of toms.
In Experiments 5 and 6, fertility and hatch were lower for eggs from hens inseminated with pooled fresh semen from the LOW toms. Of commercial importance was the approximately 4.4% difference in total number of poults obtained. In Experiment 6, which was of longer duration, after 40 wk of age, a sharp decline in hatch was observed (Figure 6 ) only for hens inseminated with pooled semen from LOW toms. With pooled semen from HIGH toms, hatch remained at ≥ 80% without "spiking". This result is of commercial importance because most turkey producers see a decline in fertility and hatch as the flock ages (Krueger, 1990) . Culling of LOW toms from the flock would be beneficial, with the extent of benefit greater as the flock aged. A laboratory test to detect 33-to 34-wk-old males whose semen later would have low fertility would have important commercial implications. The SBA appears to fill this need (Figure 6) . No other test able to detect males whose sperm will later decline in fertility has been reported.
Under commercial conditions, the SBA probably will have value in identifying toms likely to cause the characteristic decline in fertility and hatch in aging flocks. By culling LOW toms, total production of poults by the flock should increase. Confirmation of these observations in commercial flocks is necessary. Such application studies should use a standard approach for SBA, a constant number of sperm per insemination, and a constant insemination interval throughout the life of the flock.
